Abstract: We examine both experimental and simulated data of the optical transmission response of nanohole arrays in metal films to bulk and surface refractive index changes. We compare the signal-to-noise performance of the following three different analysis methods: the conventional peak shift method, a normalized-difference integrated-response method that is commonly used in 3-D plasmonic crystals, and an integrated response (IR) method. Our IR method shows a 40% and 90% improvement in the signal-to-noise ratio (SNR) for bulk and surface binding tests, respectively, compared with the direct measurement of the transmission-peak wavelength shift, promising improved sensing performance for future nanohole-array sensor applications.
Introduction
Surface plasmon resonance (SPR) sensors are widely used for label-free sensing in biomedical applications, ranging from drug discovery [1] to gene identification [2] . SPR is sensitive to surface binding due to the decaying evanescent field of surface plasmons (SPs). SPs are electromagnetic modes that propagate at a metal-dielectric interface. The propagation constant (wave vector) of a SP on a semi-infinite planar boundary between a metal and a dielectric depends on the refractive index of the dielectric medium [3] . This property of SPs is used to measure bulk and surface refractive index changes.
The direct excitation of SPs from a smooth metallic surface is not possible due to the momentum mismatch. Therefore, to excite SPs, a coupling mechanism is required, such as attenuated total reflection using a prism [4] or diffraction on periodic metallic gratings [5] - [7] . One such approach utilizes the Bragg (grating) resonances of periodically arranged, subwavelength nanoholes in metal films. The optical transmission properties of such arrays has generated considerable interest since Ebbesen et al. demonstrated that subwavelength hole arrays have large intensity transmission resonances [8] associated with the excitation of SPs by the periodic holes [9] . This discovery encouraged researchers to explore the potential for creating nanoscale sensors [10] - [24] due to the nanohole array's simple collinear geometry, and potential for dense integration. The biochemically functionalized nanohole arrays offer a new strategy for parallel detection of chemical and biological agents [24] .
Signal information from SPR sensors is extracted using various analysis methods. For Kretschmann SPR (prism coupling), the sensing is typically based on localizing and tracking the minimum in the SPR reflectivity spectrum (wavelength or angular). This is achieved via several different methods, such as fitting the spectra with a polynomial of order 2-7 or a Lorentzian curve (with or without a linear term) [23] ; optimal linear data analysis [25] , centroid localization and tracking [4] ; model parameterization and linear projection [26] ; and locally weighted parametric regression [27] . Similarly, in nanohole array SPR, one tracks the location of the transmission resonance peak; however, monitoring only the peak position ignores significant information present in the entirety of the wavelength (or angular) spectrum. In 3-D plasmonic crystals, the complex wavelength transmission spectrum showed an improved sensitivity when analyzed with a normalized-difference integrated-response (NDIR) over the entire transmission spectrum [28] .
In this work, we apply the integrated response (IR) analysis method to the transmission spectra of nanohole arrays in metal films while monitoring both the sensitivity and noise performance. We examine the bulk refractive index response using both experimental measurements and simulated idealized finite-difference time-domain (FDTD) computations with added noise. Additionally, we assess the surface response using experimental surface binding data. We demonstrate improved sensing characteristics for our IR method as compared with the peak shift or the NDIR method. 
Experimental Methods

Nanohole Array Fabrication
Bulk Refractive Index Measurements
A slide containing nine gold arrays was cleaned in an aqueous acid and peroxide mixture (H 2 SO 4 and H 2 O 2 ) then exposed to varying concentrations of aqueous glucose solutions. To measure the transmission intensity spectra, it was placed on the stage of an inverted optical microscope (Reichert #325098). White light (Fiber-Lite Series 180) focused through an objective lens (25Â) was used to illuminate a single nanohole array. The transmitted light was collected by a fiber optic cable connected to a computer-controlled spectrometer (Photon Control SPM-002, SPECSOFT, ver. 2.3.4.4). We collected transmission, background (transmission through a pinhole), reference (transmission response of water), and dark noise (light input off) intensity spectra. Each collected spectrum was the average of 100 individual measurements of 1 s exposures (200 nm to 1090 nm, 3166 data points). The spectral resolution is between 0.8 and 2 nm over the wavelength range. Each spectrum was smoothed using a boxcar of five. Measurements were repeated five times under identical experimental conditions.
Surface Binding Experiments
Surface binding experiments were conducted to determine the applicability of the IR analysis method for the detection of surface refractive index changes. The affect on transmission of binding of a particular monoclonal antibody (MAb), i.e., 17-9, to the nanohole array functionalized with the corresponding antigen (Ag), the hemagglutinin (HA) peptide was monitored. The gold surface was functionalized with HA Ag by a series of surface modification steps. First, it was soaked overnight in a biotin-polyethylene glycol-thiol, (1 mM, HS-ðCH 2 Þ 11 -ðOCH 2 CH 2 Þ 6 -NH-Biotin) ethanol solution, which created a self-assembled monolayer. The slide was then soaked in a streptavidin phosphate buffered saline (PBS) (2 hr, 100 g/mL, PBS) followed by a biotinylated HA Ag solution (2 hr, 25 g/mL). Transmission spectra were collected from each array between each step to monitor the modification process. The affinity of the MAb to the Ag was monitored using the nanohole arrays integrated in a microfluidic setup equipped with a syringe pump (NE 1800 New Era Pump Systems Inc.). The binding kinetics of the 17-9 MAb (10 g/mL in PBS, flow rate 5 L/min,14 min) to the HA Ag was monitored in real time via changes in collected optical spectra (every 4 s). A baseline reference was established using an array with a blank solution without MAb. The detachment kinetics of the MAb were observed by switching to the blank solution after binding was complete. PBS solution was flowed through again to observe the detachment of the MAb.
Simulations
We conducted simulations of the optical experiments using FDTD calculations. A plane-wave light source at normal incidence was used to excite the nanohole array. Periodic boundary conditions on both in-plane x -and y -axes (each parallel to the array edge) were used with perfectly matched layer (PML) boundary conditions along the perpendicular z-axis. A mesh-override grid size of 1.8 nm ensured accurate modeling of the plasmonic effects of the metal (as verified by convergence tests). The transmission was monitored at a plane 50 nm from the surface of the metal film on the glass side.
Since the experiments operate at relatively high optical intensities, shot noise should dominate over other noise contributions, such as intensity noise of the source and thermal and read-out noise of the detector. Therefore, only shot noise, which varies as the square root of the intensity, was added to the simulated spectrum. To obtain five repeated spectra similar to the real experiment, five independent, normally distributed, random noise quantities were used that generated a standard deviation of 0.15 (using the rand function in MATLAB).
Methods of Analysis
Our proposed IR analysis of the transmission spectra of nanohole arrays for biosensing applications uses the square root of the integrated mean-squared variation of the spectrum over the entire wavelength range. The mathematical expression is as follows:
where IR is the integrated response, DðÞ ¼ S ref ðÞ À SðÞ is the difference in the signal between the reference spectrum, S ref ðÞ, and the measured signal SðÞ, and DðÞ is the average of the difference signal over the entire spectrum.
Our evaluation considers predominantly the signal-to-noise ratio (SNR) to evaluate sensitivity and noise performance without disrupting the linear response found with the peak shift curve. The noise is defined as the standard deviation of the IR from five repeated spectra.
Undesirable nonlinearity appeared in SNR curves when integrating higher powers (of order 2, 3, and 4) of the difference signal DðÞ using (2):
where n ¼ 2; 3; 4; 5. Therefore, we consider only the case represented by (1) . In addition, we compare the IR method to recently described work with 3-D plasmonic crystal templates, which uses an IR based on the normalized difference expressed as follows [28] :
We also reproduced surface binding curves as a function of time with this method to observe how they fit to the peak-shift response curve. The IR method was also compared with the peak shift response method. The peak was found by fitting the curves using a polynomial fit (order 4, over range 20 nm about the peak). The peak was tracked by tracking the maximum point based on the polynomial fit.
Peak shift PS ¼ jP ref ðÞ À PðÞj, where P ref ðÞ is the peak wavelength of the reference signal, and PðÞ is the signal with a change in the refractive index. The noise in the NDIR and PS is defined as the standard deviation of five repeated tests under identical experimental conditions. We have also used a different definition of the noise as the simple point-by-point absolute difference between two different spectra (i.e., one repeated test). For that method, we saw similar results; however, the present method is chosen since it contains statistics over a greater number of repeated tests. Fig. 2(a) shows the spectra of the source. Fig. 2(b) shows the experimental transmission spectrum of a periodic circular-hole array for different concentrations of aqueous glucose solutions over the hole array. The reference spectra are the response in water. Fig. 2(c) shows the FDTD simulations of the transmission spectra for the same structures as measured in Fig. 2(b) for different refractive index solutions. A refractive index of 1.3538 corresponds to a glucose concentration of 1 M [29] . Both the experimental and simulated spectra have two major peaks, in the ranges 570-610 nm and 680-710 nm. We attribute the peaks to the Bragg resonance-enhanced transmission at the glass and solution interfaces (as modified by the SP dispersion [9] ). The peak at 680 nm is (1,0) Bragg resonances associated with the glass interface (the shoulder peak at 650 nm arises due to the Wood's anomaly minimum at 670 nm). The peak at 600 nm corresponds to the (1,0) Bragg resonance off the solution interface. The peak at 570 nm is attributed to the (1,1) resonance of the glass interface. The simulated and the experimental results differ for a number of reasons, including the finite collection aperture of the experiments, the finite extent of the arrays, nanohole tapering and edge smoothing produced during FIB milling, and nonnormal incidence from the sources. The main point of the FDTD simulations, however, was to present an idealized case that is free from experimental imperfection, and in this regard, we have shown the relative performance of the different approaches. It was not our intention to reproduce exactly the results of the experiment with the FDTD, although reasonable qualitative agreement is seen. Fig. 3(a) shows the SNR performance as calculated from the experimental data, using the three different analysis methods: IR, NDIR, and PS. The IR and NDIR analysis was applied to a spectral range of 500-750 nm as only this wavelength range shows significant spectral features. The peak positions were obtained by using a polynomial (order 4) curve-fitting technique. The data shows a higher SNR for the IR method, as compared with the PS and NDIR methods. Fig. 3(b) shows the calculated SNR from simulated data again using the IR, PS, and NDIR methods. Comparing Fig. 3(a) and (b) , the IR method is superior to the PS and NDIR methods in both real and simulated experiments. Fig. 4(a) shows the normalized transmission spectra before (1 s) and after (1200 s) binding occurs. Fig. 4(b) is a zoomed version of Fig. 4(a) . It shows the shift in the two curves more clearly. Fig. 4(c) depicts the normalized response of the PS and IR method as a function of time for the surface sensing experiment. At 400 s, 10 g/mL MAb was injected for 14 min (as seen from the sharp increase in the signal). The refractive index change in this portion of the curve reflects the dynamics of the surface and bulk. To evaluate the net surface binding, the surface was washed with a PBS solution at 1200 s. After the wash, the response dropped to a certain value at 1500 s. This represents the absorbed MAb on the surface.
Results
Bulk Refractive Index Sensing
Surface Sensing
The observed reaction rate k obs for the absorption of 10 g/mL 17/9 MAb was calculated from an exponential fitting and was determined to be 1:8 Â 10 À3 AE 3 Â 10 À4 s À1 . A separate k obs was determined from a different concentration of 17/9 MAb, and the observed reaction rate values were used to obtain an estimate of magnitude for the k on ð2 Â 10 3 s À1 M À1 Þ and the k off ð6 Â 10 À4 s À1 Þ. The noise in the surface sensing is defined as the steady-state standard deviation of the peak shift points for peak shift noise and as the steady-state standard deviation of the IR points for IR noise. The first peak in the 575 nm wavelength region is tracked. Fig. 4(d) compares the results of the PS and NDIR method. The binding curves for this method showed more noise than the IR method and gave a response which does not follow the general trend of the peak shift response binding curve. The IR method demonstrates an improvement (i.e., reduction) of noise in kinetic binding curves, as compared with both the PS and NDIR methods. The IR method retains the general shape of the binding curve [see Fig. 4(c)] ; however, distortion is observed in the NDIR analysis [see Fig. 4(d) ].
Discussion
The IR method demonstrates better SNR performance as compared with the PS and NDIR methods for both experimental and simulated experiments of bulk refractive index variations. Additionally, this method exhibits similar performance improvement when applied to surface binding experiments.
By definition, a sensitivity improvement is an increase in the slope of the SNR curve. In the case of bulk refractive index experiments, the improvement is 1.4 AE 0.1 times and 1.8 AE 0.1 times that of the PS and NDIR methods, respectively. This is an improvement of 40% over the conventional peak shift method. The results for the corresponding simulated analysis shows a 1.7 AE 0.1 and 3.1 AE 0.1 times improvement relative to the peak shift and the NDIR, respectively. The IR performance is 70% better than the peak shift method in this idealized case. For all cases, the curves maintain linearity, and the IR shows the best performance. In the surface binding experiment, the noise level decreases from 0.0964 to 0.0053, resulting in a 90% improvement, as compared with the peak shift response. Additionally, the response curve shape is maintained. The NDIR for surface binding altered the curve shape and demonstrated an inferior noise performance.
The improvement found in the IR method results from additional information contained in the transmission response over the entire spectrum and due to lower noise (as random noise values are integrated over a range). Although the NDIR is similar to the IR method, the distortions in the NDIR analysis arise from the term in the denominator in (3). The analysis is highly dependent on the reference signal itself. Where the signal is small, the response is large, even though the information contained in that part of the spectra may be limited. The IR method is of particular interest for situations where there is a complex transmission spectrum. This is the case, for instance, in experiments using large area periodicity arrays fabricated using high-throughput photolithographic techniques [30] . The IR method can also be extended to hyperspectral imaging [31] .
Conclusion
We have shown the analysis for optical transmission response of nanohole arrays in metal films subjected to bulk and surface refractive index changes using a square-root integrated meandifference-squared method. Our analysis shows a 40% improvement in sensitivity for the bulk sensing experiment and a 90% improvement in noise for the surface sensing experiment compared with the conventional peak wavelength shift method and even better compared with the NDIR method. This IR method provides better performance because it reduces the noise by incorporating the information contained in the entire optical spectrum, while not distorting the response, as compared with the peak-shift method. Future plans include employing this method to large period structures with complex wavelength spectra.
